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FOREWORD

This report was prepared by Syracuse Univeraity under USAP
Contract go. AF 33(616)-2362.z The contract Was initiated under Project
No. 7360, "Materials Analysis and Evaluation Techniques", Task No. 73605
"Design and Evaluation Data for Stuctural Metals" formerly RDO Ino. 614-
13 "Design and Evaluation Data for Structural Metals", and was adminis-
tered under the direction of the Materials Laboratory, Directorate of
Research, Wright Air Development Center, with Mr. A. W. Brisbane as pro-
ject engineer. This work was ierformed in the period between March
1954 and June 1955.
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ABSTRAT

This report presents a large amount of test data on a number of
low-alioy steels, heat treated to strength values between 210, 00 and
290,000 psi. The steels investigated were four heats of 434o0 and one
heat of each of the following: V-Mod. 4330, 9SB40, Hy-Tufj Super Hy-Tuf,
Wper T-2 and Inco. Furthermore, the results of tests previously per-
formed on an additional heat of 4340 (small diaa bar) are included for
purposes of qcaparison and completeness. The tests performed were the
following, a) TensiOn, which yielded infor*ation concerning the ten-
sile and yield strengths as well as the ductility (reduction of area
and, elongation) of the steels studied... b) Notch-Tension, from which
the notch strength, notch-strength ratio and information on the notch
sensitivity of the steels were obtained. c) Impact, which permitted
evaluation of impact characteristics of the steels at, various test tem-
peratures, as well as se information regarding the transition from
impact-ductile to impact-brittle behavior. d) Fatigue and Notch-
Fatigue, from which the endurance limit and the fatigue strength at
various numbers of cycles were obtained for both smooth and notched
specimens. ) Stress-Rupture which permitted investigating the be-
havior of high-strength steels under sustained load conditions.

In addition, hardness measurements as well as metallographic
otudies were. performed on all steels.

This report comprises first an extensive discussion of the effects~of all fud~%1factors investigated, herd. These factors are: (a)

specimen pos'tion, (b) various heats of 4340 steel, (c) an-processed
.section size, (d.) as-tested section size, (e) tempering temperature,
(f) 5001F temper brittleness, (g) stress concentration, (h) direction-

- ality, (1) eccentricity) (J) loading time, and (k) test temperature.This is followed by a comparison of the properties of the various steels,

those of 4340 steel being used as basis.

The appendices (Supplement. 1 and 2) assembles the individual data
in graphical and tabular form. Various parametric representations are
used to facilitate their utilization.

PULICAT~I0N REVIE

r 'This report has been reviewed and is approved.

FORTF~CONAIDR:M. R. WHIN40BE

Technical Director <5
Materials Laboratory
Directorate of Research
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SYMBOLS USED

K: Theoretical stress-concentration factor as derived by Neuber's
Theory.

L: Longitudinal specimens, i.e. specimens taken along the direc-

tion of rolling.

Tr: Transverse specimens. i.e. specimens taken perpendicular to the i
direction of rolling.

R.L: Longitudinal specimens taken from the rim of the V-Mod. 4330 bar.

C.L: Longitudinal specimens taken from the core of the V-Mod 4330 bar.

R.: Transverse specimens taken from the rim of the V-Mod. 4330 bar.

C.Tt Transverse specimens taken from the core of the V-Mod. 4330 bar.

e,: Eccentricity, i.e. the distance from the center of the specimen
to the line of load application.

D:: Shank diameter of notch-tension or notch-fatigue specimens.

d: Notch diameter of notch-tension or notch-fatigue specimens.
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MMPODUCTION

The increasing needs of the aircraft industry for high-strength
materials have recently led to the use of low-alloy steels, heat treated
to 230,000 to 270,000 psi. Howeverj, steels at strength levels above
200,1000 psi are subject to design restrictions, which are of little sig-
nificance at lower levels, such restrictions are now recognized to be
characteristic for these super-high-strength steels. The objective of
the present research program is to supply the designer of aircraft with
basic information for a variety of test conditions, upon which design
for these steels can be based.

The tests used have been selected to allow coverage of the var-
ous areas of potential. aircraft failures and they include: a) tension,
b) notch-bar tension tests (concentric and eccentric), c) inact, tests,
d) fatigue and notch-fatigue tests, and e) stresa-rupture tests.

The steels investigated were 4340 (four heats of this steel were
studied), vanadium-modified 4330, 98B40, and the proprietary steels
SHy-Tuf,* Super Hy-Tuf,* Super TM-.2,** and Inco Ultra High-Strength Steel.***

The large volume of test data obtained in the present work leads
to considerable problems in the presentation. This results from the fact
that numerous variables have been considered examination of each of
these variables requires the coparison of data for up to ten steels.
Since consideration of the specific data for each steel would be need-
lessly tedious, the discussion is concentrate, on characteristic data
and their trends. The specific data needed for the development of' the
basic Witnciples, are presented in both, graphical and tabular form in
supplements 1 an& 2.

Most of the previous evidence has been discussed in a literature
survey Ui to 5 )**** which preceded the present experimental investiga-

tion. Therefore, the general subject of ultra-high strength steels will
not be considered in this report. Only that literature will be discussed,
which has a direct bearing on and which is needed for a full evaluation
of the test data obtained in ,the present work.

*Supplied by Crucible Steel Company of America
**Supplied by Timken Roller Bearing Company
***Supplied by the International Nickel Company, Inc.
***Numbers in parenthesis pertain to the bibliography
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I IMENTI L PROCEDURE

1. Mater5als

Pertinent information about the steels studied is presented in
Table I. The materials were selected as being, the most promising of
the d ;ep hardening, low-alloy, constructional steels for use in the
ultra high-strength range Developmental steels for this application
axe numerous, but the steels selected are the only ones which could be
commercially obtained at the present ti .

2. Test Specimens

(a) Specimen Preparation: The tensile, notch-tensile, fatigue,.
notch-fatigue and stress-rupture specimens used in this investigation
are presented in Figure 1. Specimens were rough machined and, left
approximately 0.015 inch oversize on each surface and were finished to
proper dimensions after heat treatment. Smooth specimens and speci-
mens with mild notches (K - 3) were finish ground, while sharp notches
(K - 5, 8 and 10) were machined by means of a properly ground high-
speed steel tool.

(b) Specimen Heat Treatment: Heat treatment, was performed
according to the SAE- Aeronautical MV.urial Specifications (AM$)
pertinent for the specific steels. The specimens were austenitized in
graphite blocks and in controlled atmosphere. They were then oil
quenched and tempered at from 2500 to 800"F (-± 100k), for one hour.
Tempering. was followedby air cooling.

(c) Specimen Orientation: The properties of all the steels
were determined for the longitudinal direction. Transverse properties.
have also been determined in a number of instances, as they are becom-
Ing increasingly important for the following reasons:

(i) Forgirgs may be used under conditions where loads are
applied in several directions simultaneously. Under
these conditions, high stresses may occur perpendic-
ular to the fiber direction of the forgings.

(ii) The frequency of transverse failures appears to in-
crease as the strength of the steel increases. Con-
sequently directioiality assumes greater importanee at
high strength levels,.

(iii) It is often desired to use rolled stock and rough
shapes hand-forged from these, for prototypesp which
renders the utilization of transverse properties
essential

WADC TR 55-103 2
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(d) Specimen Size: The 0,3-inch-diameter specimen has been
the type most commonly employed in notch-tensile investigations. How-
ever, it is to be expected that increasing the specimen size will ad-
versely modify the notch properties. For the above reason 0.5-inch,-
diameter, as well as 0.3-inch-diameter specimens., were tested to evalu-
ate the effect of size on the notch-strength characteristics of the
steels. In these tests the specimen dimensions have been appropriately
scaled to yield comparable theoretical stress-concentration factors.

(e) Specimen Location: Tile economic utilization of the steel 4
required cutting the section into small blanks., The distribution of
the specimens :over the cross section of the bar introduced the prob-
lem of the effects of specimen position. The large volume of tests
permitted analyzing this, effect and determining, its magnitude, (see
Section II). Because of the indicated small magnitude of the effect
no further attention was paid to the positioning of each specimen.

3. Hardenability Tests,:

Hardenability tests were performed in accordance with the ASTM
specifications for each of the steels investigated., A specimen was
taken from the billet at random for all eteels, except in the ease of
the V-Mod. 4330 steel, in which the specimen was located longitudinally
in such a way that its center was 1-1/8 inch from the center of the
billet,, i.e. the location of the specimen was such that one half of it
was in the rim section, while the other half was in the core section of
the billet. This placement permitted the evaluation, of the hardenabil-
ities of the rim and the core of the steel in one specimen. The results
indicated a slightly higher hardenability for the rim stock. As the
difference was very small, the results of the two locations were aver-
aged.

4. Chemical Analyses:

Chemical analyses. of the steels investigatedy. were conducted by
Kimman and Whe,-Ier of Syracuse, New York and the results are presented
in Table II.,

5. Metallographic Studies:

Macro-studies were made on a section, as received, (I/2 inch to
1 inch thick), cut from each steel bar investigated, to determine char-
acteristic structures and forging histories of the steels. The sec-
tions were ground and etched with 25 percent solution of nitric acid,*
Photographs were taken. In addition micro-studies were made on all
steels (tempered at 500°F and etched with 4 percent Nital solution)
along and perpendicular to the direction of rolling, to determine fiber

WADe TR 55-103 3
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development, impurities and inclusions., The results of these tests are
presented in Supplement 1.

6, Arzss Tests:

The main tests were preceded by preliminary hardness investi;a-
tions Performed on 3/4 in. x 3/4kin. x 1 in. specimens, which were oil
quenched and tempered at from 2500 to 8000 F. Thirty-six hardness read-
ings were taken at the center of each specimen, and the results were
used aso guides in arriving at the required. strength levels. Further-
more,* hardness testS were performed on the notch-tensile specimens after
fracture. The -specimens were cut to obtain a cross-section 1/4 in,4 froin
the fracture. The resulting. section was, polished and four hardness read-
ngs. were taken. A total of 12 specimens were tested for each steel,

thus. yielding, a. total number of 48. hardness readings.

The results indicated a, maximum scatter of + 1-1/2 Rc units from,
the average. Consequently only the average of these re1dings are shown
in this report.

7 Tension Tests:

The specimens for unnotched or "smcoth" tension tests shown in
Figure 1(a), iwere used for V-Mod. 4330. However, some difficulties were
encountered with transverse specimens of Super Hy-Tuf and 98Bf40, as,
many specens broke under the head. Therefore, the stepped specimen
hi I"n Figure 1 b) was employed with all steels. other than V-Mod. 4330.

All tensile tests were performed at room temperature on a 60,000
pound hydraulic testing machine. To insure concentricity of loading. the
concentric fixture shown in Figure 2 was used.

The tensile strength, elongation, mnd reduction of area were ob-
ta-vd in the conventional manner.

The 0.2-percent-yield strength was obtained with ouly a limited
degree of accuracy by adapting a 2-inch extensometer to the 1-inch gage
specimens in the manner slown in Figure 3-

8. Concentric Notch Tension Tests:

Two different specimen diameters, namely 0.3 in., Figure l(c).,
and 0.5 in., Figure l(d), were used in the notch-tension test. The
notch on these specimens was of the 60-degree, 50-percent type, in
which ease the 50 percent refers to the ratio of the area of the notch-
ed section to that of the cylindrical part., Three different stress-
concentration factors were employed, namely K a 3, 5 and 10. The radii
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at the notch bottom, corresponding to these stress-concentration factors,
were calculated by Neuber's theory and are presented in Table III.

An optical comparator with 62.5 diameter magnification was used to
measure the notch radii and the notch diameters., before and after the test.

The concentric fixture shown in Figure 2 was used for the 0.3 inch
diameter specimens, and that shown in Figure 4 was used for the 0.5 inch
diameter specimens. The notch strength was obtained by dividing the max-
inum load by the original area. of the notched section. The notch ductil-
itity (reduction of area at the notched section) was obtained in the con-
ventional manner.

94 Eccentric Notch-Tension Tests:

The specimen shape used for the Eccentric Notch-Tension Test is
shown in Figure t(€W)., Only 0.3 inch diameter longitudinal specimens were
tested.. Three stress-concentrations were again used, namely K = 3, 5,
and 16.

The eccentric notch test was perfG.,med by offsetting the line of
load application from the specimen center to the root of the notch, a dis-
tance equal to 0..106 inches. This was achieved by using the adapter shown
in Figure 5, in conjunction with the concentric fixture of Figure 2.,

The eccentric notch strength and notch ductility were obtained as
described for the concentric notch-tension tests.

10, Impact Tests:

Impa4t tests were performed on standard V-notch Charpy specimens
at four temperatures; 212OF (boiling water), room temperature, -71OF (by
immersion in a solution of chloroform, dry ice and carbon tetrachloride)
and -150 to -166°F (in Freon No. 12 contained in a beaker immersed in
liquid nitrogen). In the first and last two cases the specimens were
kept in the solutions for a period of approximately 10 minutes. Care was
taken to insure minimum temperature change by placing the specimen in the
impact machine as quickly as possible.

11. Fatigue aid Notch-Fatigue Tests:

AlU fatigue tests were of a rotating-beam type and were performed
at room temperature,

The specimens used are shown in Figures l(e) and l(f). In all
cases, except for 4340 steel, only longitudinal specimens were tested.
In addition to smooth specimens, K - 1, one stress concentration was em-
ployed, namely K 8.
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The specimens were distributed over the cross-section according
to Figure 6 (a) and 6(b), They fall into a number of distinctly differ-
ent groups regarding their position, as shown in Table IV. Two to four
specimens were available for each strength level and for each of the
different distances from the center.

Both individual test values and their averages are plotted in
Figure 7(a) as a function of distance from "be center of the bar. The
results in Figure 7(a), indicate that the longitudinal notch strength
was Independent of specimen location. Even for the transverse notch-
strength represented in, Figure 7(b), the difference between the values
for extreme positions was less than 10 percent.

A similar analysis for other alloys indicates even smaller ef-
fects of positioning according to Figures 8, 9, 10, and 11, Considering
the rather large variations of transverse data it was iecided, therefore,
twiebandon any distlnction between variously-positioned secimens. Other-
wse anothe Variable would have been added which would have material-
ly increased the volume of testing.

3. Variations, ini Tension Properties of Different 4340 Heats:

It is a wellknown fact that the properties of various heats of
the same nominal composition differ considerably. Many factors con-
tribute to these variations, but the magnitude of the effects and their
true source are not yet known. Apparently no systematic study of these
variations has been previously performed.

Considerable effect in this respect is generally ascribed to the
variations in chemistry and hardenability. These properties are assem-
bled for the 4340 steels in Figure 12, together with such data for an
additional steel (Heat 5) which was previously studied at Syracuse Univer-
sity (8). In addition, Figure 12 includes the latest (Feb. 1954) stand-
ard AISI-hardenability limits. The steels differed markedly in hardena-
bility, within the AISI scatter band, with no apparent relation to chem-istry.

Conventional mechanical properties, tensile strength, yield
strength, elongation and reduction of area of spe.cimeis taken from large
sections (3-1/4 to 4-1/4 in.round) were available for four of these steels,
and determined from longitudinal, subsize (0.28 in.dia.) specimens. These
properties were found to be practically identical, according to Figure 13. I
The variations in carbon content and major alloying elements are appar-
ently too small to be significant and the different hardenabilities also
appear to produce no effect.
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The same applies to the tensile and yield strengths in the trans-
verse direction, which were about the same as those in the longitudinal
direction Figure 14. Regarding transverse elongation and reduction of
area, heat 4 appears to be slightly superior to the other heats, and
this is confirmed by the results of the notch-tensile tests discussed
further below.

Two smaller sections investigated (heats 1 and 5) differed
slightly regarding their (longitudinal) tension 'properties, as was to be
expected from their somewhat different carbon contents.

4. Variations in Notch-Strength Properties of Different 4340 Heats:.

The values of concentric notch strength of the different heat-s of
4340 are presented in Figure 15 as a function of the tempering tempera-
ture and in Figure 16 as a function of strength level.

However, the results of the notch-tensile tests on different
heats can be best evaluated from the value's of the notch-strength ratio,
plotted vs. stress concentration and given in Figure 17 for a strength
level of 230,000 psi and in Figure 18 for 270,000 psi.

Longitudinal specimens, taken from either large or small, sections,
yielded notch-strength ratios agreeing within rather close limits. In
general, howevery the values for the small sections were found to be near
the upper limit of the scat ering rege, and, in the larger sections,,
heat 4 also appeared very slightly superior to the other heats.

Regarding the notch-strength ratio of transverse specimens. all
large sections yielded considerably higher values than, the one small
section investigated. Heat 4 again exhibited the highest values.

The trend curves showni in Figures 17 and 18, have been establish-
ed on the basis of all evidence procured in this study and, therefore,
appear at times to be not entirely in agreement with the experimental
data shown in these graphs. However, the effects of other variables to
be discussed below indicate that some of these test results must be
located on the fringe of the scattering range and, therefore, be given
only little weight. This applies particularly to the transverse values.
Attention may also be called to the fact that the transverse curves are
not as accurately established as the longitudinal curves, but that the
general trend of the curves for the two types of specimens (longitudinal
and transverse) has been found to be rather different, at least for the
heavy sections.
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Tests on larger notched 4340 specimens, having a 1.1 and 1.5 inch
diameter, have recently been performed at Syracuse University (11). The
results further illustrate the pronounced reduction in the notch strength
introduced by an increase in the as-tested section size. It is clear from
the results of this study that notch-tensile tests on 0.3 inch diameter
test bars are less sensitive in disclosing differences in the properties
of various aircraft steels than tests on somewhat larger test sections.
Small specimens, therefore, appear of little usefulness for a comparison
and evaluation of these steels.

7. General Effects of Tempering Temperature on Tensile Strength and

The tensile streng-h of heat-treated steels containing 0.25 to
6. 45 percent carbon, such as the investigated aircraft steels, generally
decreases gradually with increasing tempering temperatures. The highest
strength :values considered to be of practical significance, between
250,000 and 30,000 psi, can be obtained by tempering at 400OF or slightly
higher, depending upon the alloy. A tensile strength of about 200,000
psi is usually obtained at 800°F or slightly higher.

The notch strength usually first increases on tempering the as-
quenched steel. It then passes through a maximum (or sometimes through
two maxima.)and finally decreases. In all instances previously studied,
the notch strength of specimens, such as used here, was found to be
about 1.5 times the tensile strength if the strength was 180,000 psi or
lower (5).

The actual values of notch strength and notch-strength ratio in
the high-strength range vary greatly, depending upon numerous factors.
The effects of some of these factors were already discussed in preceding
sections.

In regard to the effect of tempering temperature, or strength
level, test data obtained in this study agreed with previous evidence in
that the strength of sharply-notched bars revealed a pronounced increase
in notch-strength ratio as the tensile strength changes from 230,000 psi
to 210,000 psi. In all instances, extrapolation indicates that the
notch-strength ratio of 1.5, or insensitivity to notching, would be
reached at a strength of about 180,000 psi, even under the most severe
testing condition (large transverse specimens), see Section V.

Therefore, steels heat-treated to a strength between 230,000 psi
and 270,000 psi represent a different class of materials, as compared with
those heat-treated to a strength of 180,000 psi or less, characterized by
a rather different response to stress concentrations on static loading.
The dividing line passes near a strength of 200,000 psi and according to
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previous evidence (5), may be either greater or less, depending upon the
severity of loading (section size, fiber, temperature etc.).

8. 5009F Temper Brittleness and Notch Strength:

One of the objectives of this investigation was to determine
whether the "5000F-Tempr Brittleness" apparent in the impact strength.

* of many heat-treated steels was also reflected in other properties.
Actually, the tempering-temperatUre range of minimum impact strength is
usually found to be between 6000 and 700°F, and it is practically ab-
sent in steels with increased silicon contents such. as Hy-Tuf and SuperHmu ( (2),.

The, imact tests performed in this progam yielded results in

conformance with these previously established facts, as the alloys in-

vestigated had low silicon, contents and possessed higher impact values,
after tempering at 40and 500°F than at 6000 and 700°F, see Section III.

The notch strength of these alloys, when plotted vs. the temper-
ing temperature, was generally found to vary only within comparatively
narrow limits in the range of tempering temperatures between 4000 and
700°F. The values of the 0.3 inch diameter longitudinal speciiens were
usually slightly higher for the 4000 and 500OF tempers than for the 6000
and 700°F (and 8000 F) tempers. In some instances, this difference was
maintained in the notch strength of the larger and of the transversespecimens, while in others such values appeared to become lower as the

tempering temperature decreased. The notch-strength ratio also did not
indicate the existence of 500oF temper brittleness.

Previous tests on 43140 steel, on the other hand, revealed a
rather pronounced minimum in notch strength under a variety of more
severe testing conditions than employed here; namely the following.:
(a) on testing specimens machined from very heavy sections (5), (b) on
testing at very low temperatures, (8), (c) on testing specimens taken
across the flash line of forgings (13) and (d) on testing hydrogen-
embrittled steel (6,7). It appears, therefore, that the 500OF temper
brittleness of many heat-treated steels may be insignificant under ideal
testing and service conditions but that it nay become rather pronounced
under increasingly severe load conditions.

9. Effects of Stress Concentration oA Notch Strength:

Figure 24 presents a diagrammatic summary of the effects of stress
concentration on notch strength. The curves shown in this graph are
rather ell supported by experimental evidence, see Section V. This
applies particularly to the longitudinal values, while the larger scat-
tering of transverse values renders their trend curves slightly less
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11, ,treaih of Smooth and Notched Secimens Under Sustained Loads:

The occurrence of service failures in high-strength steels under
service conditions where a load was applied for a long time raises the
question whether such "sustained-load failures" can occur in any highly-
stressed, high-strength-steel part or whether they are limited to steels
'containing (a considerable amount of) hydrogen.. The tendency to sustain-
ed-load failures is. well established, and in fact the most significant
feature of hydrogen embrittlement (6). Considering that in all probabil-
ity steels always contain a small amount of hydrogen, it was considered.
desirable to establish whether loads close to but distinctly lower than
the ultimate, would, or would not lead to failure after extended periods
of time.

A number of stress-rupture tests were performed on smooth and
notched (K 5) 4 3400steel specimens, (heat 1) at room temperature. The
results of these tests,, assembled in Figures. 27 and 28 clearly reveal.
that properly-processed and properly-heat-treated, steel retains its regu-
lar strength for loading times up to at least 500 hours. In.the present
tests the specimens either broke imediately on application of a load
that was within the scattering range of its ultimate (tensile or notch)
strength, or they carried such loads or slightly lower for 500 hours or
more. without fracturing., Consequently, hydrogen contents considerably
higher than those normally present in these steels, before pickling and
plating, are necessary for developing a tendency to sustained-load fail-
ures.

These test results are in disagreement with those of Rinebolt (16)
who repeatedly observed failures at loads considerably below the ultimate,,
within less than 200 hours. This beha'yior is probably due to a certain
hydrogen content in such materials. 'These extremely complex phenomena
were studied more extensively with 4340 steels in Phase 2 of this pro-
Ject (6), (7).
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III. DEPENDENCE OF IMPACT STRENGTH OF HIGH-STRENGTH

STEELS ON VARIOUS FACTORS

1. Introduction:

In Section III of this report a few fundamental phenomena, derived
from impact tests, are discussed. V-notch Charpy tests were performed on
specimens machined from hot-rolled 3 to 4-1/2 inch round or square sec-
tions of all steels available for this investigation at the following
test temperatures:, 2120F, room temperature (75 0 F approx.), -71OF and
-l50o to -16ooF.

The entire range of strength levels was subjected to impact tests
for one heat (.No. 1) of 434OLO, 98B40 and V-Mod. 4330. Two strength levels,
2301,O00 psi and 270,000 psi, of the other 4-340 heats (Nos. 2 to 4), and
one strength level of the four remaining steels were tested.

2. Effect of Positioning of Specimens:

The reported impact-strength is usually An average of two test
values. In the case of V-Mod 4330 steel, however, four specimens were
tested for each condition and at each temperature. Two of these were
taken from the rim of the 4 inch square section, 2 + 0.4 inch away from
the center, and the other two from the core, zero to one inch from the
center. The results of these tests are presented in Figure 29.

The effect of specimen location, according to Figure 29 is neg-
ligible, and well within the range of scattering. This applies partic-
ularly: to longitudinal specimens, but a very slight superiority of the
rim over the core appears to exist in the transverse direction.

3. Dependence of Impct Strength on Tempering Temperature:

Impact tests were performed on three steels, 434o0,98B40, and V-Mod

4330 over an extended range of tempering temperatures. The impact-
strength values of all these steels, and all testing temperatures ex-
hibited, according to Figures 29 to 31, minima when tempered at a temper-
ature somewhere between 500 and 7000F. This effect is more pronounced
in the (higher) longitudinal rather than in the transverse values.

The tendence of high-strength steels to exhibit low impact
strength on tempering at temperatures between 5000 and 7000 F has been
observed in previous investigations (5) and it is now commonly referred
to as the "500°F temper brittleness". However, for the steels investi-
gated here, the minimum actually occurs at about 600OF rather than at 5000F.
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3. Basic Cgmidaeratiana l ae -n the Fatigue Str--ath of &ooth andNotobved 8222 a -a t Viciugs 03roial

Tho fatigue tests performed in the course af thii itestigation
related to unnotched specimens' K - 1 and. to specimens provided with
60-degree, 50-percent notches, having a root radius which led to, a stress
concentration of K - 8, In addition,, stres concentrations-of K = 5 and
K v 3 were studied in several instancee. Tout data were obtained for
cycles ranging from a tev thousands to over 10 millions.

Furthermore, in Phase I of this project, an eXploratory study of
the effects of hydrogen on, fatigue-strength properties of 4340 steel was
undertaken. This work is discussed in a separate report (7). Part of
the, work on, hydrogen owbrittlment istpartic6ularly v-luablp for the follow-
ing discussion. It concerus the basic data for unembrittled materal
and d-iffers from the main body of data, obtainedin fhase I of the program
in two-respects, namelyt. (a): It wa obtained on specimens takaft from
smll-diameter rod (9/16 1n. 41Y.), rather than from a 4-1/4-inch-diaeter
sectioni, and (b) it. covered the range of all nwabers, of cycles0 ,. b -
tween about 10 and 10,000. The results of such tests comyrse a valu-
able extension of the test data, obtained on Phe~se I of the program, as
it adds to the program the two variables; as-proceed section vise and
number of cycles.**

The combined test data for specimens, taken from both the heavy
and light sections, are presented schomatially in n'gure 43 and the

perit evaluating the' dependence of fatigue and. notch-fatigue strength
upon the number of cycles. The values of the fatigue str Ogth-for very
high nabers of cycles,, i.e., of the endurance limit, ill be discussed
further below. The values of fatige strength for sonmehat love numbers.
of cycles, i.e. 100,000,. depend n all variablos to, nearly' the sme extent
as the endurance limit.

Hwoever, as the umber of cycles decreases below 10,000 the depen-
dence of fatigue strength on various factors materially changes. It is

j In order to obtain such information, the speed of revolution of the

fatigue testing equipment had to be greatly reduced, to 250 cycles per
minute.

** The fact that the mall section comprised a different heat should

not invalidate the effects of the other factors, as the fatigue strength
of 4340 steel has been found to be rather consistent.
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then to be expected that the fatigue strength would gradually approach
the static strength under the particular condition of loading. In the
present case, the fatigue tests were performed by (rotating) bending.

The bending strength, both of smooth and notched specimens of the
various strength levels of 4340, generally comprises a nominal stress de-
rived from elasticity calculations, The actual stress, at the surface
of a bent specimenh, becomes increasingly smaller than the nominal stress,
as the specimen is progressively strained beyond its elastic limit, or
for practical considerations, beyond its yield strength. In other words,
the ratio of nominal to actual surface stress, or "bend factor"j grad-

ually increases in plastic bending from a minimum value of unity at the
yield point,, to a considerably higher value. Calulations for a cylin-

drical specimen have shown that a. maximum value of about !.,7 should be
approached by this ratio for strains exceeding approximately 5 percent(18). f

Consequently, the (nominal) bending stre6th of a steel should

exceed its tensile strength by 70 percent or mOre, as long as the steel L
is reasonably ductile. However, if the steel possessed a rather limited
ductility i.e. .f it failed at a low value of strain, its bending
strength may be anywhere between its tensile strength and a maximum value
of 1.7 times the tensile strength.

The static bending strength, of solid cylindrical sections of these
steels, is of little significance and is not definitely known, because of
the large deflections encountered in such tests. However calculations
and test data on hollow sections lead to a ratio of "bending modulus of
rupture" to tensile strength (bend factor) in the vicinity of about 1.6
for 4340 steel, heat treated to a strength of either 180,O00 or 260,OQ
psi (19). \,

In dynamic (fatigue) bending tests, the strength of the steels is
found to be greatly reduced at high numbers of cycles. However, the
fatigue strength rapidly increases as the numbers of cycle decreases;
and for cycles of about 1,000 bending-fatigue-strength values coisider-
ably above the tensile strength have been repeatedly observed (20).

This can be taken as a confirmation of the above discussed con-
cept, that for very small cycles the bending fatigue strength of ductile
steels should approach a value equal to 1.6 to 1.7 times the tensile
strength.

In regard to the bending strength of notched specimens, such as
used here, the fact must be considered that their ductility may be either
high or low. In the case of high ductility 'the static notch strength in
tension has been found to be about i1 5 times the tensile strength, and
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their bnding strengths therefore, should be of the order of 1.5 x 1.6=

2.4 their tensile strength. In the case of loe ductile notched speci-
mens, however, the notch-strength ratio may be considerably lower than
1.5, and the bend factor may be anywhere between 1.6 (1.7) and 1.0. This

means that their fatigue strength, at very low number of cycles, may be
expected to be somewhere below the maximum value of 2.4 times the ten-
silo strength and that it may be considerably less than the tensile
strength, if the notch ductility of the particular steel and particular
specimen shape (stress concentration) were very small.

4. SWerimental S-N Ourves pooth and Notched Sp~mens:

11e test data obtained for smooth and notched 4340 steel specimens
confou ven with the above developed concept as shown in Figures 44,'45, and 46. In therdaie.Of 8100oth, specimens, values for very low cycles
are available for two strength levels, 290,000 psi and 210,000 psi
(Figures 44 and46). In both instances, the fatigue strength in bending
was found to be nearly equal to the tensile strength at 1,000 cycles and
t0 be approximately 30 percent higher at.100 cycles. The fatigue (S-N)
curves:, for smooth sp extrapolate moothly to 1 cycle and to a
value of 1.6 (to 1.7) times the tensile strength, define the static bending
strength, asL schematically illustrated in Figure: 43.

The fatigue curves for notched specimens terminated at values of
endurance limit, which, for high stress concentrations, are considerably
below-those of smooth specimens for a notch-ductile material (in tensile
tests), such as the 210,000 psi level, see Figure 46. On the other hand,
tha _tic strength of this heat treatment was nearly 40 percent higher
for the notched than for the smooth specimen (for the notch geometry used
hers). Its bend factor ay be estimated to be an high as 1.5.. The test
data are again in conformance with this concept. The notch-fatigue
strength was equal to the tensile strength at about L 500 cycles, and 40
percent higher at 100 cycles. Between these cycles, therefore, the
fatigue curves for smooth and notched specimens of the 210,000 psi level of
4340 steel intersect. The notch-fatigue S-N curve also extrapolates
well to a value of about 1.5 times the notch strength or about 1.4 x
1.5 a 2.1 times the tensile strength, as schematically shown in Figure 43.

In contrast, the fatigue strength of notched specimens of the
290,000 psi level remained throughout below that for the smooth specimens,
see Figure 44. This is explained by the very low ductility of such
notched specimens. Because of this, the notch strength was also found
to be slightly higher than the tensile strength, approximately 1.1 times.
The static bending strength should be only slightly higher than the ten-
sile strength, Pay 1.1 times. Therefore, the static strength of notched
specimens may be estimated to be about 1.1 x 1.1 = 1.2 times the tensile
strength. The test data again agree with this concept. The notch-
fatigue strength of the 290,000 psi level was found to be below the tensile
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strength at cycles as low as 100. The S-N curve extrapolates to a value
slightly higher than the tensile strength which is considerably lower than
the assumed static bending strength (of smooth specimens), as illustrated
in Figure 43- It is even smaller than some of the experimental values of
smoott fatigue strength at low cycles.

5. Effects of Stress Concentration:

With a number of steels, fatigue tests were performed on specimens
provided with a 60-degree, 50-percent notch and a sharp notch radius re-
sulting in stress concentration K = 8. In addition tests were performed, , 'on 4340 (Heat No,. 1) covering a more extended stress concentration range,,

namely K = 3, 5 and 8, the results of which are presented in Figure 47.
Previous tests on high-strength steels relate generally to milder notches,
(2). These revealed that the ratio of' the endurance limits of r smooth to
notched specimens was generally equal to the stress concentration for
mild notches, but became less than this as the stress concentration ex-
ceeded a certain limit. This notch-sensitivity effect depends upon the
strength level of the steel. In general, the notch-fatigue strength of
very strong steels was found to be lower than that of slightly lower
strength level. These latter, therefore, showed a great reduction in en-
durance limit by sharp notching, and in this respect, a greater notch
sensitivity than the highest strength levels.

The tests on 4340 (Heat No. 1) disclosed according to Figure 47,
that the endurance limit of notched specimens -aried within 30 and 50
percent of that of smooth specimens.

At all strength levels investigated, the values for K = 5 were
found to be distinctly higher than either for K = 3 or for K a 8. as
shown in Figure 48, while it was expected that they would decrease with
increasing stress concentration. This discrepancy may be tentatively
explained by the fact that the specimens for K = 3 were finished by
grinding. while those for the other stress concentrations were finish-
machined with a high-speed steel tool. This machining operation may be
associated with burnishing which generally introduces compressive sur-
face stresses and raises the fatigue strength. In contrast, grinding
may have eliminated the protective compressive heat treating stresses
and replaced them by tensile stresses. The endurance limits forK - 5
appear particularly high in that the notch effect for this stress con-
centration is found to be particularly small in relation to the value
of. stress concentration. This is in distinct contrast to the result
of tests on softer steels reported by Peterson and Wahl (1936), and
Moore and Jordan (1936) (16).
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6. Geaeral Relations Between Tensile Strength and Endurance Limit:

According to previous concepts, the endurance limit of heat-treated
steels increases first, nearly proportionally, with increasing strength
(or hardness) until it reaches a maximum, at a strength of 200,000 psi
or higher, and then decreases gradually with further increase in strength
(2). A few tests, on 4340 steel, heat treated to strength values up-to
280,000 psi (22) and older evidence on some other alloy steels (2), how-
ever,, have indicated that in the high-strength range of these steels the
endurance limit continues to increase with strength..

The values of endurance limit for smooth specimens determined in
this investigation and assembled, in. Figure 49: usually followed a some-
vhat different trend for most of the alloys investigated. At a strength
of 210,00 psi the endurance limdt was generally found to be between
85,000 and I00,,O00 psi or. 40 to 50 perpent, of the tensile strength. It
then appeared to decrease, slightly with increasing strength level and to
develop a, mi-nimum for strength valuesj between 220, 0 and 240,000 'psi,
for the 0.r4-percent- carbor alloys., and at slightly lower. strength. levels
for the 0.3-percent-carbon steel. At stili higher strengths a :notice-
able increase in endurance limit), and sometimaseven the endurance ratio

('ratio of endurance strength to tensile strength) - was obserd for the
0.4 percent. carbon steels, while the 0..3 carbon steel passed through a
maximum at a strength of about 240,000 'psi, and then appeared to decrease
with further increase in strength. I

The endurance limit of notched specimens,, of all steels investi-
gated, increased with increasing strength, as. shown in Figure 50. The
endurance ratio varied for the sharpest notch, K - 8, between 0.15 and
0:.25. As far as the rather limited accuracy of such values permit, they
usuall exhibited mInimm values at, an intermediate strength.level, some-
where between 220,000 and, 250,000 psi.

The ratio of the endurance limits of smooth and notched specimens
was for .all steels higher at the lowest strength., 210,000 psi, than at
the higher strength levels, investigated, Figure 51.

7. Effects .of As-Processed Section Size on Fatigue-Strength Character-
istics:

Systematic tests on the fatigue properties of specimens taken from
different sections of the same steel were not performed. Thus the tests
on Phase I of the program throughout relate to specimens taken from 3 to
4-1/2 inch round or square sections. However, additional low-cycle fatigue
tests were made during the study of hydrogen embrittlenent (7) on speci-
mens machined from 9/16-inch-diameter, 4340-steel bar stock, as already
discussed,, and these connect with, or slightly overlap, those on the
heavier section, regarding the number of cycles investigated.
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As illustrated in Figures 44 to 46, the data obtained for the
smaller section generally appeer to be slightly lower than those for the:
larger section. This difference was nearly nil. at a strength of 210,000
psi (8O°F temper) but noticeably increased with increasing strength level,
particularly for notched specimens. This result may possibly be correlated
with the observed low transverse strength of the smaller section. An addi-tional factor may be the relatively low carbon content (0.38) of the
smaller section,

8. Transverse Fatigue-Strenjgh Pioperties:

$1 The endurance limit in the transverse direction was determined for
various strength levels of 43IO.'steel (Heat No., 1). As is. apparent from
Figar 7 (also see Figures 38 and 39), it is about 70 to: 75 percent Of
the longitudinal endurance limit, for all three strength levels investiga-
ted. This difference: is also mintained at lower cycles, down to aboutS100,O00 cycles. However, at still lower cycles the transvrse fatigue
strength gradually approaches the, longitudinal fatigue strength. This con-
forms to the fact that. the tensile strength is practically the same in
both directiona.

Tests on notched transverse specimens were not performed in this
study.
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Y. COMPARISON OF. THE VARIOUS ALIQY STEEW
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ofge sever f steelsotae arnder pati-cu lar ten for1itAn seesoVa.
tihe aendeigtmeauti tegps% tengfthee. Tis ermions
evchluati frte tes oftain-0 kcit-ocatbo t ne theu tive-d
tgated trengtthe evel,-ptetcr~ steel2000s1,0, 3,00+1000

2. addpoition. nd chden vleso th lityalos:r~ep

e The tucptin of the ste t setuiedo h aben three rsente -ot
inph Ta e It isosereht o^cuvsrpetgvall ea s of notc0stel h tregtr
-oselyethe saeel oitine enepticuorthesing contn etiNon2
sich isd aprectailower thdath si constn tents ofel This otermhets.f

2,.i Emastacont ford gthenalowhrenblt ehbtd yha .2o

0,hse Figureion o.2 Ith seels dsused ave in dealtatth presp-e
inTe Ii s obsredta all forheats of 4340, avaiebl hav rtherfr f3114t -/~

iCh-dielyter sewCostion eet o shsligly otet ofheat No. 2 a

investigated more extensively than the other heats. Its properties have
been used, therefore, as basis for further comaison, as they should be
re presentative throughout for tiesteel.

In general, the steels investigated fall into two groups with re-
gadto carbon cotn.Ths r theo4pretcbn ouywhh

0.3-ercnt-arb9 grup hichincude Y-md. 330and Y-Tf -Usually,
the .k-percent-carbon steels exhibit a higher hardenability than the
0.3-percent--carbon steels, as shown in Figure 52. In the 0.II-percent-
carbon group, Super Hy-Tuf, Super T4-2 and Inco exhibited maximum hat-
denability, showing full hardening over the length of the Jouiny-test bar.
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They are, approached by 4340, while 98B40 possessed distinctly lower har-
denability. The two steels in the 0.3-percent-carbon group had approxi-
mately the same hardenability. The hardenability curve for iyTuf devel-
oped a minimum a about 1-1/2 to 2 inches from the quenched end. This
trend is also exhibited by the curve for 98B40 to a lesser degree.

30 Hardness and Tensile, Strengt

The hardness (Figure 53) and tensile strength (Figure 54) of the
different steels are plotted as a function of the tempering temperature.

Each of the steels investigated shows a response to tempering

which is characteristic and different from that for any other steel. In
general), a tempering temperature ot 40O0F is considered the low commer-
cial limit. In this treatment the. hardness and strength are primarily
dependent, on the carbon content.and on. the tendency of the steel to re-
tamn austenite (4). This explains the variations at 4000F apparent
from Figures 5.3 ad 54.L

The decrease in hardness and tensile strength with increasing
tempering temperature was very different for the different, steelsy.
98B40 responded fastest, rather closely followed by 4340. V-Mod 4330
and Super TW.2.were found to be more sluggish, in this respect,.-while Inco
IHy-Tuf, and particularly Super Hy.Tuf showed a considerable loss in hard-
ness and strength only if the tempering temperature exceeded 7000F.

This is, explained by the secondary hardening. introduced by the -

various alloying elements, and particularly silicon. This sluggishness
is of some practical importance, as it is desirable to obtain a high
strength level, by tempering at a maximum temperature, in order to impart
to the steel improved stability at slightly elevated temperatures.

Super Hy-Tuf exhibited a phenomenon not encountered in other alloys,
namely a low transverse tensile strength over the whole investigated
range of tempering temperatures, Thismay be correlated with the fact
that this alloy generally -ad low transverse properties in all respects.

'qowever, Hy-Tuf also showed this directional effect on the tensile
strength and this cannot be explained by or correlated with other obser-
vations. A

4. Yield Strength.:

The 0.2-percent yield, strength of the alloys studied is shown in
Figure 55 as a function of tempering temperature.

It is a general phenomenon that the yield strength of any heat-
treated steel exhibits a maximum on tempering at a temperature between
5000 and 7000F, depending upon the composition (4). The steels investi-
gated here conformed to this pattern.

WADOC TR 55-103 27



The absolute maximum value of yield strength was found to be high-
eat (250,000 psi) for Super Hy-Tuf (but only in the, longitudinal direc-
tion) and slightly lower and about equal (230,000 psi) for all other
0.4-percent-carbon steels, while it was considerably lower for the 0.3-
percent-carbon steels. In this group., Hy-Tuf was slightly superior
(210,000 psi) to V-Mod. 4330 (195,ooo psi).

Super Hy-Tuf again exhibited materially lower yield strength in
the transverse than in the longitudinal direction.

5. Ductility.

The elongation and reduction of the area of the steels are plotted
in Figures 56, 57 and 58 vs., tempering temperature.

For any of the alloys investigated both elongation and reduction
of areawere found to vary only within rather narrow limits for the range
of tempering temperature investigated. A general slight tendency to in-
crease with increasing tempering temperature after passing through a
minimum at 6000 to 7Qo°F has been observed, in agreement with previous

Lowest longitudinal values of both elongation and reduction of
area were encountered in Super Hy-Tuf and 98B40, while the other 0.4-
percent-carbon steels exhibited an elongation equal to, but a reduction
of area dietinctly inferior to that of 4340. In contrast, the 0.3-percent-
carbon steels had both a higher elongation and a higher reduction of area
than 434o.

Regarding the transverse values of these quantities, it is believed
that any characteristic difference between the alloys may be overshadowed
by the rather large effect of processing conditions, discussed in section
II. Howevker., attention should be called to the particularly low values
encountered in Super Hy-Tuf, and possibly (but hidden by scattering) in
98B40, while Hy-Tuf was found to be superior in this respect to all other
steels.

On the whole, elongation and reduction of area were thus higher,
the lower the (400"k) strength and hardness of the steel.

6. Notch-Strength Ratio:

The results of notch-tensile tests are sumarized in Figures 59
to 69 for the different steels. Each figure relates to one strength level.
The ratio of notch-strength to tensile strength; or "notch-strength ratio"
is used here as an index of notch sensitivity. Attention may be called
to the fact that a notch-strength ratio of 1.5 indicates notch insensitiv-
ity of the steel condition for the particular test geometry (section size, I
stress concentration, and orientation.)
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Figure 59 to 69 indicate, in general, that the differences between the
longitudinal notch strength of the investigated steel increase, as their
strength level increases. In addition, much greater differences have
been observed, in the 0.5-inch-diameter specimens, than in the 0.3dinch-
diameter specimens. This is also true for the transverse notch strength.
Less attention is paid in this discussion to the transverse than to the
longitudinal values, because of possible interference of the processing
conditions. Thus the smaller test specimen appears rather insensitive
and not well suited for the desired quality comparison, which is based,
therefore, primarily on the longitudinal notch strength of the 0.5-inch-
diameter specimens. This quantity is always shown in Figures 59 to 69 in
the upper right corner of each graph.

While at any particular strength level data for all seven steels
are not available, the results of the tests for a strength of 250,000 psi
on four steels Figures 64 to 66, and for a strength of 270,000 psi on
six steels, Figures67 to 69, lead to the following rating of the steels.
V-Mod. 4330 exhibited the highest notch strength (ratio) or lowest notch
sensitivity, followed rather closely first by 4340 and then by both Super
TM-2 and Inco. The other three steels were considerably inferior to
these four steels and 98B40 was slightly superior to both Super Hy-Tuf
and Hy-Tufp wherever a comparison was possible.

Attention may be called to the fact that such a comparison of
0.3-inch-diameter specimens shows a notch-strength ratio for Hy-Tuf, at
all strength levels, equal to that of V-Mod. 4330 and, on the average,
slightly higher than that of 4340.

Furthermore, regarding transverse notch strength, (rtio) Hy-Tuf
usually exhibited highest values while V-Mod. 4330 rated below 4340, by
this test. This was particularly true for 0.3-inch-diameter specimens.

The relative quality of the two steels, V-Mod.4330 and 4340, also
varied with the strength level. Maximum superiority of V-Mod. 4330 over
4,340was observed at 230,000 psi while both steels differed only slightly
at either 210,000 psi or 270,000 psi.

7. Impact Strength:

The results of the "Charpy" impact tests performed on the various
alloys in the longitudinal direction are sumnarized in Figures 70 and 20
as a function of the tempering temperature and for each of the various
test temperatures used.

The results clearly reveal that for all test temperatures V-Mod.
4330 possessed, over the range of tempering temperatures investigated,
an impact strength higher than that exhibited by either 4340 or 98B40, f
and that the impact strength of 4340 was intermediate between V-Mod.4330 and 98B o.
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Although impact tests on Hy-Tuf, Super Hy-Tuf, Super TM-2 and Inco
were performed for one strength level only, Figures 70Land 20 indicate
that Hy-Tuf then possessed the highest and Super Hy-Tuf the lowest impact
strength among all the steels investigated. Inco ranged, regarding its
impact strength, slightly above V-Mod. 4330, and Super TM-2 ranged, in
general, between V-Mod. 4330 and 4340.

In the transverse direction, a comparison between the impact
strength of the various alloys is not possible due to the large scatter-
ing of the test data. However, the two steels, namely Hy-Tuf and Inco,
that exhibited the highest impact strength in the longitudinal direction
also appeared to have the highest impact strength in the transverse direc-
tion. The transverse impact strength of all the other steels and at all
testing temperatures was found to differ only to an extent that did not
exceed the scattering of the tests. A curve drawn through the average of
all these points 'followed the same general trend as the curves for lon-
gitudinal specimens, Figures 72 and 73.

Regarding the effect of testing temperatures all steels showed,
at all tempering temperatures, a gradual decrease in impact strength as
the testing temperature was reduced. Within the accuracy of the test
data the steels behaved nearly equally in regard to such a transition to
a low-impact-energy condition.

8. Fatigue Strength:

The rotating-beam fatigue data for the various steels tested are
sulminrized in Figure 74 for both smooth and sharply notched (K * 8)
specimens as a function of tempering temperature.

The results indicate that in the absence of stress concentrations,
4340 steel possesses fatigue properties superior to those for 98B40 and
V-Mod. 4330 steels in the tempering range from 500o to 8000F. At temper-
ing temperatures below 5000F, however, the tests resulted in higher fatigAe
properties for 98B40 than for 4340 and V-Mod. 4330. V-Mod. 4330 possessed
the poorest smooth-fatigue properties of all steels investigated. This is
true for all tempering temperatures used except in the range between 6000
And 750°F where 98B40 developed a sharp mirm"m'.

The notch-fatigue strength of V-Mod. 4330 is superior to that of
4340 and 98B40 throughout the range of tempering temperatures investi-
gated. The notch-fatigue strength of 98B40 was equal to or slightly
lower than that of 4340 when tempered at between 5000 and 7000F, but
slightly higher when tempered at either 400°F or 8000F.

From the limited data that were obtained on Hy-Tuf it appears that
its smooth-fatigue strength is about the same as that for V-Mod. 4330
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while its notch-fatigue strength is slightly lower than that for V-Mod.
4330 when tempered at 5000F,. It is also seen that the smootA-fatigue
strength of Super Hy-Tuf was approximately equal to that of 4340 while
the notch-fatigue strength was higher than that of 4340 when tempered
at 800°?.

The results of these tests indicate a very complex dependence of
- the fatigue strength of super high strength steels on. the heat-treating

conditions. This is further emphasized by the recently-disclosed fact
that minor changes in. tempering, such as repetition .of the tempering
treatment ("double tempering") may materially improve the fatigue
strength (23).
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VI. GEIEAL SUMMARY OF RESULTS

1. Introduction:

In Section VI the fundamental effects of the various factors,
varied in this study, are su marized. These effects are considered with
regard to the various mechanical properties investigated, namely the
tensile, notch-tensile, impact and fatigue properties.

In addition, an attempt is made to correlate the results of the.
notch-tension and the V-notch Charpy tests.

2. Effects of Positionin of pcimens on Notch-Tension, Impct and
Fatigue Properties:

The effects of specimen position on the mechanical properties
were evaluated from notch-tension, V-notch Charpy impact and smooth-and-
notch fatigue tests, particularly for V-Mod. 4330 steel, The transverse
notch strength of the other steels was also considered in this respect.

The position of the specimen in the large sections investigated
had a slight effect only on the transverse notch-strength, which in-

creased as the specimen location moved from the center to the rim of
the section. The magnitude of this effect was less than 10 percent for
V-Mod. 4330. With the other steels comparable data were available only
for a limited range of positions. While a small effect, as discussed
above, was apparent, it was well within the scattering range of the test.

The effect of specimen position on impact and fatigue properties
was also within the scattering range of the tests.

3. Variations of Tension, Notch-Tension, and Impact Properties in
D)ifferent HeatS:

Several different heats of 4340 steel, which differed considerably
in hardenability, were subjected to tension, notch-tension and V-notch
Charpy impact tests.

In regard to tensile and yield strength of longitudinal and trans-
verse specimens as well as ductility in the longitudinal direction, the
various heats were found to be practically identical.

Reduction of area (and elongation) in the transverse direction,
as well as notch strength and impact strength in both the longitudinal
and transverse directions, were on the whole highest for heat No. 4 fol-
lowed by heat No. 1, while heats Nos. 2 and 3 usually exhibited lower
values.
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There is no correlation apparent between these properties and hard-
enability, as heat No. 1 possessed highest hardenability, closely follci-
ed by heats Nos, 3 and 4, while heat No. 2 possessed the lowest hardena- I
bility.

4. Effects of As-Processed Section Size on Tension, Notch-Tenaionj and
Fatigue Properties,:

The effects of as-processed section size are disclosed by a com-
parison of certain properties of specimens taken from a number of large
(3-1/4 to 4-i/4 inch-diameter) 4340-steel sections and one small section
of the same heat as one of the large sections., and one additional small'i 4340. section.

Their tension-test characteristics in. the longitudinal direction
were identical.. An exception was the higher tensile strength of one of
the small sections on tempering at 400F.

The longitudinal notch strength of the small sections was, in all
instances, slightly but distinctly higher'than that of the large sections

The transverse notch strength and the transverse ductility in ten-
sion-of the 1-1/2-inch-diameter section was 20 to 30 percent lower than
the averages of the respective values for the large sections:.

} Regarding fatigue strength, the test results are not strictly
comparable as different sections from the same heat were not investigated
and as the testing conditions for the two section sizes investigated also
differed slightly. In general, the smaller section appeared to be equal
to the large section at a strength level of 210,000, but'slightly infer-
ior at higher strength levels.

5. Effects of As-Tested Section Size on Notch-Tensile Strength:

The notch-tension data obtained in the testing of notched 0.3 and
0.5-inch-diameter specimens- indicated that increasing the as-tested sec-
tion size generally results in considerably lowering the notch strength.
This effect varied greatly with the steel composition.

The results also revealed that the notch-strength of 0.3-inch.-
diameter test bars differed less for different steels, and other variables
than that of somewhat larger test sections.

6. General Effects of Tempering Temperature on Tensile, Notch-Tensile,
and Impact Proprties:

The tensile strength of heat-treated steels, such as the investi-
gated aircraft steels, generally decreases with increasing tempering,
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temperature., For the investigated 0.3 percent carbon steels, the strength
decreased from values of 250,000 to 270,000 psi on tempering at 400°F to
Values close to 200,000 psi on tempering at 800F. For the 0.4 percent-
carbon steels the strength was between 270,000 and 300,000 psi on the tem-
pering at 400°F and approximately 200y000 psi on tempering at 8000F.

In contrast, the notch strength generally increases at first with
increasing tempering temperature, passes through a maximum (or sometimes
through two maxima) and finally decreases in proportion to the tensile
strength. The notch strength of a steel after tempering at 40° 0 F was
equal to or slightly higher than the tensile strength. With increasing
tempering temperatures up to 8000 F the notch strength approached a value
close to 1.5 times the tensile strength.

The impact strength of the three steels investigated (434o. 98B40
and V-Mod. 4330) first increased on tempering in the range between 300o I

to 400F, developed a minimum between 500° and 7000 F and then increased on
tempering above 8000F.

. ffects of Strenth Level on Endurance Lmit:

The rotating beam fatigue tests performed -on smooth and notched
specimens machined from a number of alloys revealed that for a strength
level of about .200,000 psi the endurance limit of smooth specimens was
between 85,000 and 100,000 psi or 40 to 50 percent of the tensile strength
depending upon the steel composition. It then appeared, to develop a min-
imum for strength values between 220,000 and 240,000 psi for the 0.4-
percent-carbon alloys, and at slightly lower strength levels for the 0,3-percentt-carbon steel. At still higher strengths a noticeable increase in
endurance limit was observed for the 0.4-percent-carbon steels, while the
0.3-percent-carbon steel passed through a maximum at a strength of about
240,000 psi and then appeared to decrease with further increase in
strength.

The endurance limit of notched specimens) of all steels investi-
gatedy increased, in general, with increase in strength level.

8. Effects of Stress Concentration on Notch-Tensile and Notch-Fatigue
8trength:

The notch-tension tests on all steels, confirmed the general re-
lation that the strength of notched high-strength-steel specimens de-
creases as the stress concentration increases.

The magnitude of the stress-concentration effect depended upon
the notch sensitivity which greatly varied, in this investigation, de-
pending on other vsr!ables. If the steel was nearly notchinsensitive,
it yielded a notch-strength ratio close to 1.5 for all stress concen-
trations (K - 3, 5 and 10), the effect of which, therefore, was nearly
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nil. In contrast, for highly-notch-sensitive conditions the notch-
strength ratio was already low for K = 3 and it further decreased con-
siderably with increasing stress concentration.

This effect was less pronounced in the transverse than in the
longitudinal direction.

The results also indicated vhat all values of longitudinal notch-
strength ratio when plotted against the stress concentration belong to
one single family of curves, and that all values of transverse notch-
strength ratio also belong to a different family irrespective of the
specimen section size.

Regarding the dependence of endurance limit on stress concntra-
tion, it was found that for K = 3 and K n 8 the endurance limit of sev-
eral strength levels of 4340 steel was approximately the same while it was
higher for K w 5. This trend was contrary to the expected decrease in
endurance limit with increase in stress concentration. This may
tentatively be explained by differences in the processing of the various
notches (grinding for K = 3 and machining for K .5 and 8).

9. Kfects of Sccentricity on Notch-Strenath:

Eccentric tests were performed on longitudinal 4340 specimens
provided with notches leading to stress-concentration factors of 3, 5
and 1O. These tests showed, for all strength levels, a nearly equal
decrease in notch strength, about 60 ± 5 percent, from the value of
concentrically-loaded specimens.

In addition under concentric loading, the notch-sensitivity of
longitudinal specimens appears to fade out as the stress-concentration
factor decreases below a value of 3. In contrast, on eccentric loading,
even at values of K = 3 or lower, a pronounced notch sensitivity is still
retained. This is principally due to high bending stresses imposed by the
eccentricity.
10. Relation Between Impact Strength and Notch Strength:

The (longitudinal) impact strength of the three completely-in-
vestigated steels, namely 4340, V-Mod. 4330 and 98B40 conforms, regarding
their rating, in general, to that of the static notch strength in the lon-
gitudinal direction.

A superiority of Hy-Tuf over the other steels was also found to
exist in longitudinal notch-tension tests on 0.3-inch-diameter specimens.
However, increasing the as-tested section size led to much greater loss
in notch-strength for this alloy than for either 4340 or for V-Mod. 4330.
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Hy-Tuf was also found to possess exceptionally low transverse notch
strength. For Super Hy-Tuf the impact tests yielded the same rating as
the static notch test. The favorable position of Inco regarding its
impact strangth is not in agreement with the results of longitudinal
notch-tension test, where this steel exhibited practically the same as,
or lower strength than 4340. On the other hand, its transverse notch-
strength was exceptionally high. The rating of Super 1?.-2 by the impact
test was also more favorable than by the longitudinal notch-tensile test,
but conformed more closely to that by the transverse notch-tension test.

The tentative conclusion that mry be drawn from the above com-
parison is that the magnitude of the impact strength of a longitudinal
specimen is also affected by the transverse properties of the material.
Considerably more factual information is required in order to definitely
confirm any such corralation.
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IfABLA 1, ITMU TION WIJT TO THE ST3LS !Nr3TIGATD

Alloy Producer Producer's Desiation Method. of Size and. Shape
geat No. used in Production

Laboxatory

40 Republic Steel H-25407A 1 H... I n. ,r.0orp. X.R.A. • n.rl,

4340 Rotary Zlectric- 24870 2 .. 4 in. ri.
Steel Co. H.R.A.

+340 Rotary Electrtica 38195 3 3.1. in. rI.
Steel Co. H.R.A.

1+44 Rotary Ellectric 25735 4 31. i. iStool. Coo .

0 Repulic Steel 30 kA 1 3.1. ,I4 In. sq.
VT-OD. Corp. ,.LA

830, Uniet States 31511 1 .7. 4* in. rt.Stool Corp. .RA

BY-TUY Crucible Steel 311079 1 2.3 3 In. rd.
Co. of America H..A.

SUP Crucible Steel 6-0096 1 3.1. 3 in. rd.
Ri-TrY Coi.. Of Americ. HR.Ao

oun Tlidkn Roller AC- 14480 1 Z.T. 3 in. ti.
TU-2 Bearing Co. HRA.

1100 Bethlehem Steel 183007 1 3LI. 4+ in. sq.Compiny N.R.A.

3. 7.0 - Ziectri, Furnace Steel

H.R.A. - Hot Rolled., Annealed.
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,3AILIR Il. OMPO II0OS O TIM yn ous ALLOYS nVS2ioAT!D

ME OW,! 03 ALLOYING MUMiS

ALLOT
0 Nn P 8 Si. ft Cr Xo V

4140
o41 0.79 0.013 0.06 0.31 1.83 0.77 0.23

2rit 'to. 1 -

-4340io.... 4 3 o.7 0 .1 0. ..... 00 L 76 0. , 'l ... 4 l l

0.40 o.74 0.023 0.09 0.19 1.83 0.77 0.24
0Nes 1o2 1 0

a o 0.1 0.83 0.014 0.013 0.30 1.7'7 1.80 0.24

1100 0.39. 0-74 ,, 01 -1 -5 -3 083 03

N @ 0.315 075 0.012 0.011 0.31 1.76 0.81 05 00
953.1:Io40 o.6 07 .1 .17 03 .6 08 1

0.415 1.28 0.014 0.0215 1 177 1.26 0.33 0.17

0.41 0.72 0.012 0.0114 .61 2.08 1.15 0.414 0.1l,TN-2

oo0.32 0.88 0.012, 0.018 0.26 1.79 0.84 .5 0.07

430- - - - -l -

Y-!, 0z .285 1.29 0.019 0.015 1.58 1.87 0.24 0.40

WADC .TR 55-103 I+.0
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TBTAX~ 111. STRESS-CONCUTPATION FAOTQRS AND C0RU8P019DING

NOTCH RADII 701 NOTOH-TNSILE AND NOTCH-PATIGUNZ SPMIJ43S

BIOIS al I1 d4. TU8-CONONTRAT ION NOTCH RADIUS

0.,0225 0.001
ROO-10 0.0003

TTGR 0.5 0.388 5 0.002

NOTCH 000j - - 80.0007

jD: f qd

WAflO TR 55-103 1



TABLZ IV. POSITION 0F VARIOUS SPECIMENS IN V-MOD. 4330

STEEL BAR!

TYPEI 07 SPECIMEN APPROXIMATE LOCATION )TOM C0NT; 1 I

0.3 IN- DIA.
LONGITUDINAL 03/14 17/64 2-13/64

0,5 IN- DI.-
LONGITUDINAL: 23/32 1-37/64 1-45/64

0.;3; IN.. DIA. 034 191

0.5 N. LI.1/2 I -/2

WAflC 'T 55-103 42



--

010301 0.300± 0.001_______ 
1

0.30 0.300±0-.00133 O.00

4C. 001 orO-rNSL

AND, ST0 UBS

0,212±0,.001
A1j CONCENTRIC AMD STUS RUPTCIT

(4) &0.3 IN, DLI. N0!CH-TNNSI

0 -188± 0.001
0.4I80

±0..001 z

81 R. SOO0TH PATIOUN

± 0.001

(f ) NOTCE-7ATIGMi

FIG. 1 TEST SPSCIMENS USED IN TRIS INYZUTIGATION.

WADO Th 55-103 43



FIG, - FIXTURE FOR CONCENTRIC LOADING

017 0.3 IN. DIA TENSILE 8PRCIM1UNS

WADO T1R 55-103

44t



2 IS. 3XTISOMM!

JIG ADM AT I)wA10o 07Oj -IN0E am ~ofun ooN-I

WADC TA~ 55-103 4



FIG * -4 CONCE'NTRIC FIXTURE FOR 0.5 IN. DIA.NOTCH-TENSILE SPECIMS

WAflO TR 55-103 4



TO CONOINTIC 71XTURR 07' PIG. 1-2

0.,106

A SUCTION -

PIG. .513XTUU70 NFOR CMIC TISTING

WADO TR 55-103 4.7



8 8

7/8 1 1'

' 4

LONGITUDINAL BPAOIMN,
(0.3 IN. DIA. TONSILU AID NOTCH-JIlLI, IMPACT, AND FATIGUE)

2 -

2 21

8 81

TRANZVJU S CIJMNS
(0.3 IN. DIA. TINSILE AND NOTOH-TNILU AND IMPACT.)

7IG. 6a POSITIONING 0F LONGITUDINAL AND THANSVER 8PICIMINS
IN V-MOD. 4330 BILLIT.

WADe TR 55-103 48



4 .---- ------- '

LOOIUDRA 0311 DA.1003TI~l -3II

+1+1+ 
8

LO NTNA 0. IN. DLI. N0ONO-TNSIL SPIM

11iG, 6b POSITIONIG 07 LONGITUDIIAL AND TPANSVUSZ
SPICIMMN IN Vt-MOD. 4330 BILLET.

WADO TR 55-103 149



TZKP6 Ti,?. 0.3 0.5
zIN. DIA.

1 - OD a

4,33o 10 300 0 o

1600/OIL 10 :50 V
10 650 U 0

10 800

300v

230,

200

•300 ,_--
-

10

200

0 1/2 1 1 1/2 2

DISTANOR 7ROX OZNM - IN .

7IG. 7a NOTOX STNGTE AS A 3UNCTION 07 DISTANCE PROM CENT 037 V '- MOD
4330 ST=L BAR OR SARPLT NOTCED LONGITUDINAL SPEOIMENS.

WADC TR 55-103 50



IT . T IM. o.3 0.5
4330 -

10 250 A
16oo° 01/oL 10 4oo 0

10 500 V
10 650 U 0
1o 800 0

250 -

200

150
o 300

1250

U

200°

150500 1/2 1 1 1/ 2

DIsTAJNC IRON 01, - IN.

7IG. 7b NOTON STRINGTK AS A JMOTION 07 DIS A ?CI IRO OIRTI 07
V - ROD. 4330 STUML BAR 101 SLAILY NOTOED TAMVIZRS I
SPZOIXENS.

WADe TR 55-103 51
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2,]I 6  XP.03 0,5
, 6 .... 1 1 z , D I , .

98340
10 400 A A15.50 ° 7/olz, l 50e

150 /OL 10 500 0

10 575 v
10 650 U 0

2500 o .-- 7 rTI-

8 200
r4

I150I 
Z47

1100 _ _ _ _ __ _ _ __

250

200 _ _ _ __ _1

AVG.

100

0 1/2 1 11/2 2

DISTANAO 7ROM OINTM - II

7IG. 8 NOTOR SU!R3NM, AS A NOTION 07 DISTANO 7ROOM UM
07 98B40 STEL BAR 701 SNARPLY OTOUD TR J S

WADC TR 55-103 52



Tim. T M. 0.3
j ~4340 i

Rut t0. I
10 400 A

15250 P/OIL 10 600

10 700

10 8006

' .250, ? -27

3200
300 A.VG.

23-0

200 1
0 1/2 1 1 1/2 2

DISTANR IRON rUNTIM - IN.

7G. 9 NOTCH STR G AS A mrcNIOl 07 DISTANCI ?ROK oCM 07
4e340 STU-L- BAR (hAT NO. I)i 70! 8IAIPY NOTOUMD MNASYUU

WADC TR 55-103 53



Oil I. DIA or N.DIA.

1o 4oo A 10 400 A

10 500 1o 500 0

01
10 800 10 8oo

o 50o 200il

200 150-
300 250 A

AVAVG*

250 200 4

-TUT r-U15750 7/0z 17000 7/oL

20015

0 1/2 1 0 1/2 1

DISTANO nON CIR - IN*

PIG. 10 NOTOH. STR-Tl AB A UNOTIO 07 DISTANCI nON TIN CENTIR 07 IY TU-

AND SUPE xY-MU TE BAR JO SEAMP~Y NOTCHE TRANSERB SPECIMEN.

U5

111
WADC TR 55-3.03 54



T. . oMP.07 0.3 IN. DIA.
10 4oo
10 500 0
10 600 '
10 700

10 800
350

250-2

200
.350

300

AVG.- I

20SUPUR TM-.2 INCO

16000 7/01L 16000 r/om 'I
0 1/2 1 1 1/2 2

71GI 11 NOTCE STURNGTI AS A "CTION 07 DISTANCE 7ROM THE CENTER
07 smyZR M-2 An INCO ST BS 7R SH Y NTCHEDTRANSVERSE SPEC IMENS.

WADC TR 55-103 55



70

N3DUAWILTT B t: 4340-1 AND 34340-1 4340
(ASI, m'."1954) 1325o ,/fJ.q.

60 I /

o. '3

~40

30 .

0 4 8 12 16 20 24 28 32 36 40, 44 48

DI8TAN nFlON q JnOED 2D 0 SPECIM - SIXEMNM 07 INCH

7iG. 12 JONKT KUmWILITY 07 VAIIOUS MUtk 03 4340 BURL

WADC TR 55-103 56
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~RN$IL 0 M NO. I (4*rI.DIA.)

300 - -*WlA NO. 1 (1IN.DIA.)

CJ OAT 10. 2 (4 IN. DIA.)

250 
M___ U A IT! O. 3 (3*flTDIA.)

V RUT! No, 4 (3JINODIAO)

o + flAT NO. 5 (7/81NO.DIA.
0

e-200 -

I250a

~2M

0.2

RIDUCTION

20 ___

400 500 600 70080

TMVZPIING T4pnpjqTjfl..7j

7IG. 13. 3 M OT or T W P!UJG ON TEX LONGITUDINAL,
TUNSILI STRMING.! TIMD STRUG'!!!, ILONG-
ATION, AMD RUDOTION or ABUA 07 4340 STUlL.
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350 -
I

TINITA0 nTAT No.1 (4~iN.DIA.)

* MUT NO.1 (lIr.:DIA.)
300

O MIT NO.2 (4IN.DI&.)

8 HEAT NO.3 (3JIN.DIA.)
002 250

oV MOAT NO.4 (3*IN.DIA.)

0

200 I

150
20

60

RIWCTION 03

20

040 500 600 700 800

TEIMMING TE PRATUUZ- 7

FIG, 14I UJICT or TEMERING TEMPEEATURE ON THE

WADC R 5510 58



LONGITUDINAL TRANS VIftS

400 N 14340(1595 01/OIL
o IEAT NO. I

350 1 (jI NllA
o NEAT No.2

8 DAT NO.3
______ 

(3JIN.DIA*
300 v V DT No. 4

0 (3*IN.DIA.
+- NUAT NO.5

It3 -(7/aIN.DIA

250 
_

225 __ _ _ _ _ _ _ _ _ _ _ _ ___ _ _ _ _ _ _ _

330

r4 300

4 250

WADC~~ 105-135

A-,



LONGITINAL TRAJSVuRSI

(152501/ OIL) +

350 N- ml lo.1 /

/ +3300, ....PI,:-
/ 3o 1 (4 1/4 IN.DIA.)

250

225 al _ 1(1 1/2 IN.DLL.)
350

00 K au / 02(4 N.Dift)

S9 3 (3 1/2 IN.DIA.)
___ 5 0_ v4 (3 1/4 I.DI,.)

3o0 / //0 - +5 (7/8 IN.DrA.)

300 lO/

// _. _o / e

200 ,

150 200 250 300,150 - 200 250 300

,NNSI 1 BMGTH - 1000 PBX

1G. 16 NOTCH STUNGH Of TOUR IUATS or 4340 sTILL AS A 1u'NCTION o
!NTSILR STR3JN FOR 0.3 IN.DIA.SP$OIMRJS.

WADC TR 55-103 6o



1.6 .

1.4/ \'0V+ . ;

1.2 f

OLSCHS, LUMLN, 3LBERT, 1944
(VADO 1TR 5-254 Pt -5, JIG. 17) MUT

01 (4 1/4 IN.DLL.)

1.0

4340 152507/ OIL 0 1 (1 1/2 ID.D.)

700o7 (230,000 t 10,000 PSI) 2 (4 1 .DI)

0.8

3 3(3 1/2 IN.DIA.')

' / - - -°1V 4 (3 1/4 I.I.
1.4

' I~ V + 5 (7/8 IN.DIA.)

1.2

1.0

t0

1 2 5 10 20
STR~ESS CONOUITRATIOT TAITOR, K.

7IG. 17 VARIATION 07 NOTCH-STRBIGTH PATIO 0OF VARIOUS 4340 STEEL
HETS WITH STRESS CONOMEATIHO FOR 0.3 IN DTA.SPEIKM S.

WADC TR 55-103 61



- 4-

1,2

I SORS, LURMN, ELAM, X4
(v~&0 1R (I4 1/ NAM(4

1.0 I -

4340 1525l/ OIL *01(1 1/2 IN.DIk.)

5OOolf (2970,000, t 10,000 PSI) 032 (4 INODIA.)

/3 * (3 1/2 IN.DI.)

I 174 (3 1/4 IN.DIA.)

~1*2 { +5 (7/8 IN.DIA.)

0.8.

1 2 5, 10 20
STUBSS-ONC3ITATION UACTOR, 1.

rJrG. 18 VARIA~i0n 0,' NoTCH-STE3NGTH PATIO 0a VARIoUS 4340 BY=N
MlATS WITH STPISS COOE31MURTION JOR 0.3 IN.DIA.SPZOIMENS.

WADC TE 55-103 62
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L0IGIDIYAM. TRANSTZR5
- I00~ 340(152501/OIL

0 3 0 0.3 IN.DIA,

350 -1/ - *0.5 INDIA,

300

30 /o4_ _ _

350 K: 3

* - 0

I.4

250 IK1

200K

TUIL 8r3N~ -0

JI 00 19"O.,I0NOI71 .-. D05II I. OGTUIA

52D oRIVRB /POIZSf 30SU (A 3,1

WADO~~ 10~5-36



____- 0.3 IN.DIA. --- 0.5 IN.DIA.

V-MOD 4+330 98B40

6,00 PSI tOOOOPS!

0.8
0 300,000 PSI

o.06 __ _ _ _ _ __ _ _ _ _

10.4 LONGITUDINAL

Ur0,0 s 200,000PS
S1.2

1.0......
260,00 PSI 300,000 PSI

0.8

0.6

1 2 .5 10,1 2 5 10

STUSU-CONZNTRLTION 7ACTOR, X

PIG, 20 Xn!R3 TRUND CURVIS 701 N0TCH-STUNG RATIO AS
A IUNOTION 07 SRUSS CONCUTRATION 701 V-XOD 4330
AND soI xT-TU7 STIES.

WADC TR 55-103 64



1.4

434a flAT NO.1
152507/01L:/

00

0

0.8 /

1.2

98340
15500 3F/oIL

0.83 0

0 C:
0.6

0.8

0.06

o 0.5 IN'DIA.

0.6 0.8 1.0 1.2 1.4 1.6
LO0NGIMEfINAL NOTCH-STnNGTH RATIO

7IG. 21 TRANSSU NOTC-STMUGTI RATIO AS A MONTION
07 LONGITUDINAL NOTCI-STIRNMT 701 TM HG
STRRGTRK STflLS.

WADO TR 55-103 65



1.6.

SUPER TM-2 0 0,3 IN.DIA.
16000 7/OIL 0 05IDA

1.2 __ _ _ __ _ ___ _ _

0 1.0 of

S1.6
I100

16000' 3/OIL

S1.4

1.0~

o.80

0.8 1.0 1.2 1.4 1.6

LONGITUDINAL N0TCH-STUNGTI RATIO

7IG, 22 TRANSTIRSI NOTCI-STRINGTEf RATIO AS A
MUNTION 07 LONGITUDINAL NOTC1-STRENGTI

RATIO JOE TWO IIGN-STUROTI STEELS

WADC TR 55-103 66 141



1.6
FLT-TU

15750 7/01OL

0.3 IN.DIA.. *

0.5 IN.DIA.
021.2, A

00

1.0
Cl)OD 03

1.2

1.1
1.0,01. 0 OP1 0

080.8 -"o . 1.4 1. 6

LONGITUDINAL NOTCI-STRUJGTE RATIO

71G. 23 TRANSYRSI NOTCR-STRENGTH RATIO AS A
MONTION 07 LONGITUDINAL NOTCH-STRNGTE

RATIO FOR TWO IIGN-STPJ]NGTI STSELS.

WADO Th 55-103 67



1.6

1.0

0.8 *

1.6

0.8.

0,6

0.4
1, 2 5 10

sms~Ri6-CNQETIarIN iACTORt, T

71G. 2~4 DIAUMAXTIC PUBMTION 037 TZ9U ZGS 07
VARIATIONS 07 N0TOI-STh3NOTE RATIO 07 UIGH-

STUGTS ST1IL8 WITS STIMSS C0HNUTPATION.

WADO TR 55-103 68



K*5 0lo

40

i 350F 2

300 ____ -

2 0 MUT, (~3 .L

1200 j

150

100

o.1o6 IN1

400 60 800,400 600 800,40 o 600 800

TInPUIG -T4PATMf - 0

FIG. 25 CONCENTRIC JaN XCOIU NOTOR-STR3NO!1 07 70131 MATS
07 4340 STML AS A MCTION 07 TAMPERING TIIRM ATURN
701 0.3 1,. DIA. LONGITUDINAL PCIMN .

I

WD 55-103 69
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4340O(152$0 7/01L)

o NZAY No$ 1 (41 IN.DIA.)

o mIAT No. 2 (4i IN.DIA.)

8 NUAT No,. 3 (31 Il.DIA.)

v flAT No. ~4 (3*, IN*DIA.)
1.6 '''11 '

1.2

I CONCEJTIC
1.0

0, 0106 IN,
0.8 cm i

0o.6 0% S2

210,000f10,000 PSI 230.000tio.00 Psi
p0.21

CONOMUO

1.0

0.8

0.6

25O,0OT 10,000 PS3iI 270,000T10,0 s

021 2 5 10,1 2 .5 10

STRUSSCONCzNMRTIoN FACTOR, IC

FIG. 26 VARTITION 07 NOTI-STM3GTIX RATIO WITH I YOR
COOOBTIC AND ZCCENTRIC 0.3 IN. DIA. $pZCIHZNS.

WADO TR 55-103 70



5I00 '111111 i 1i11 '"1TTl I !.

-0 5000 (270,000 PsI) 15250 7/OIL

0 70007 (230,000 PsI) -

S300
'-4

- -"-

200

100

0 = I- 1 111 111 1 1 1 11
o f- I i tI l ll I I I I II J...II I I Jll I . I llll.... LIi I,.I .

0.01 0.1 1 10 100 1000

TIM TO RTU - IMS-

71G. 27 STIMBS-J"M DIAGRAM FOR SMOOTI 4340 SPECINZIS AT TWO STRNGTH LE YLS.

WADC TR 55-103 71
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500 . 1 111111 i1 r1 ll11 . I

0 50001 (270,000 PsI) 1 2501/ OIL

o 70007 (230,000 PsI)

8300__ _ _ _ _ _

0riII I II _ _ _I__ _

Ua

200 ....

iI
100 _ _ _ _ _ _ _ __ _ _ _ _ _ _ _

0.01 0.1 1 10 100 1000

UUXE TO RUP UI - IRS.

'IG. 28 Sa3Os-RUPUR3 DIAG ( M0 N0TCo s (1'a 5) 434o aCIum AT mWo
SUTIM LIlLS
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111 1 171 1"1 111 1IZTU P
R.L, CAL. R,.T. C.T4 V - MOD 4330 _______

0 * 16000TfOIL

204

10
0

R.4T

~20 ___ 2120__

2~

!Ul4PRIXG TUGIUATUE - 01,

71,2 ViATION 07 IMPACT STRh1NGTI WITH TEMMINGT I'URT
JIG. 29X V-MOD 4330 STUL.

BNSUTION: 41N.Sq.

SPICIMUN: STD. V:-NOTCK CUMPP

WADC TR 55-103 73



401

430 15001

15250 7/01L 
7

20

~~7101 *
100

20 2____ 0____

4 AA _

no R,T.

20 ___________________

0-
921207

20 ___ -

0 .LL LL L f
200 300 400 500. 600 700 800

TAMRING TIPERATURZ -07

FIG. 30 VARIATION 07r IMPACT STRBNGTI WITIK TEMMfING TIMPEP.ATURZ
FOR YOUR Ts 01' 4340 STREL.

SICTION: MAT 1:. 4*; EAW 2: 4; EZAT 3t 3:; IAT 4: 3* IN. flUA.

SPROIKEN: STD. V-INOTCI CRAMP

WADO TR 55-103 74



40 T T
98340 L1r ____

20 15500P/ OIL o

90. 0

0A

20__ __

j . 0 171 _ _ 1_ _

200 300 400 500 600 700 800

TWMI]NG T EAUU - 017

7IG. 31 VARIATION 07 IMPALCT STM31GTl WITI TUMPURING
TRNPERTUUE 101 98340 STEL.

SUCTION: 41 IN.,DIA.

SPUCINI: STD. V-NOTCl CHAIPT

WADO TR 55-103 75



3 I.DIA. NCTIoN 0 0
20 170001/oIL 8000

20 .

(34-----

t6. - - -

0

4 INSO 6/o 0001

3I. DIA. SRCTIONT
16? 0 1/OIL

20 -0-___ ______ _____

0

CUPER YI-203 IN. DIA. SICTION 500 1

160o 1/oOIL
20 -0_

-200 -100 0 10 00 0
TEST TUMPmTUU - 01

71G, 32 VARIATION 0! IMP ACT STRENNGT WIT! TEST TJMPERATU3Em 101
A UM R 01 NIGH-STRENGTH STEELS.

SECIMEN: STD. V-NOTCON ARPY

WADC TR 55-103 76
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~40

tr
TTTFFTT. TFT

- V-MOD. 4330 25007
- 1600 07/o-L 0 .

20 0

00

20 . ..

00

0I

120 '7

420 _o_ __ _ _ o_____ " _______ -
,.., _ 65007 -

0_ _ _ _.__. _

20 I

04

_ -080007

1OO o 0oo 200 300
0

TEST TEMPERATURI 7

FIG. 33 VARIATION OF IMPACT STRENGTH WITI TEST TEMIRATURE
FOR V-MOD. 4330 STZIL.

SECTION: 4 INR. SQ.

SPECIMEN: STD. V-NOTCH CHARPY
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40FT l T!~M

4g 404ooo7
S1.525 7/01L

20_

00

50007

20

0

JMT L TZ _____ __ __ __ _

00

203

20 _ _ _

0~~ 80007_ _

-200 -100 0 100 20030
TEST TEMPEBATTJRZ- 07

7IG. 34 VARIATION 07 IMPACT STRNGTI WITI TEST TEM.PRATURE F0R
irouR mEATS o7 4340 STZEL.

SECTION: RZAT 1 : 4-1/4; HEAT 2 : 4; HE~AT 3 :3-1/2; HEAT 4 :3-1/4
IN. DIA.

SPECIMEN: STD. V-NOTCH CHAB??

WADO TR 55-103 78



T T 1 T2MP.ZMP.
98B4o Tr______

1550011 OILa *
20 .0

20

500"7

20
.01

40:

00

20

0

.4-

20

0 -1007

-200 TR00 I4ZJkuR3Too j

71. 5 ARATO OF IMPACT STRENGTI~ WITI TIST INMPERkTI

SICTON: 4-1/2 I.DIA.

S*PCIMEN: STD. V-NOTCA CUAPPY

WAflC TE 55-103 79



v-xo0D433o I

166001!/0IL

200 - 08

(UNIST35SID

100~~__0___

p4(20,ooo psi

100

0:0

P4 ~(236-,000 PSI)

1100

100 TR5-138

0I
10 0 0 0 0 0



v-MoD 433o LL.1 _
0 1

1600°7/OIL
* * 8

2 0 0 - ,,,

65oOP
D .~ (222,000 PSI)

2 100 -b-0-
0
oo

,l 8000
(401,000 PsI)

10

103 1, 05
07c OlTCYLES

71G. 37 B-N CURES TrOR SMOOTHAn NOTCHAD ROTATING XAM 7ATIG SPIMENS
FROM V-MOD. 4330 STI&L NZAT TREATED TO 222,000 AND 201,000 PSI.

WADC TR 55-103 81



4340 BAT NO. 1 L Tr

01
152507/o0L o 3

2 0 0 ... ........ .-... 5

8

(276,000 PSI)

100

0 (
0: -D ..... , -o29000 PSI)

S"000

\,, o. (269,000o PsIz)
100 -

I _ _-o__ _._,_______ __

0 , _ _ __,_ _ _ _ _ __,

60007
(239, 000 PSI.)

100

0

103 1o4  1o5  1o6 1o7  108

NUMR 0 CYCLRS

PIG. 38 S-N CURVES ?OR SHOOT AND NOTOHD ROTATING BEAM JPATIGUTE SPECIMENS
FROM 434o STEEL BEAT TREATED TO 276,000, 269,000 AND 239,000 PSI.
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434 - AT No. iLT

152507JOIL001
o 3

2005

00~

(236,000 PSI

S100_____ - --

0

02 80007
(215,000 PSI

100

0 10 108

'o 0 0 1 10.,1

NUKMU 07 CYCLIS

FIG. 39 S-1 11URVIS F0R SHOWNI AM NOTOMU ROTATING MANM FATIU SPICIUNS
120M 4340 STNNL NEAT T~uTziD To 236,000 AM:D 215,000 PaI.

WADO TR 55-103 83
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98B40

20 _______ 55o0 r/o0T, 0 1
0~ 08

1507/01L32,0 PI

250007

oo ,4,ooO PS )

0o

p5100

(2o,ooo PSI)

105,

' _0 57r
"e: = (Z?o,ooo Per)

1c 10 10 .5  1.06 107 1o8
MUKBIRl~ 07 CYCLS

FP0.. 40 3-11 Ct!JtS 7M1 SXO0 j AIM NOTOMP, RtOTATIG BRA 3PATIME" SICOIMD 7R0X
98B40l, 811'L NUT TRUTD To 302,000, 284,000 AND 270,000 PSI.
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98B40

1550 F/OIL
01

200 I8

W507

0 o (245,000 PSI)
1000

00

IL LI
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